Male Sprague-Dawley rats maintained on either normal diet (N) or on a diet containing phenobarbital (PB 225 ppm) or mirex (M; 10 ppm) for 15 days received either corn oil or 1 single administration of a protective dose of CCI, (0.3 mVkg, PO) on day 16. At 24, 48, 72,96, or 144 hr after the protective dose, a high dose of CCI, (5 mVkg, PO) was administered to rats of all the groups, and they were observed for 14day lethality. In a second experiment, in rats maintained on N, PB, or M diet, liver microsomal cytochromes P-450, aminopyrine demethylase, and aniline hydroxylase were measured at various time points after the administration of the protective dose of CCl,. Serum aspartate transaminase, alanine transaminase, and sorbitol dehydrogenase elevations and histopathological changes observed under a light microscope were used as toxic end points to assess hepatotoxicity. Autoprotection was 100% when the high dose was given at 24 hr after the protective dose in N rats, whereas it was only 55% in PB-or M-pretreated rats. For later time points of 48,72, and 96 hr, autoprotection was only around 50% in N rats, whereas it was almost 100% in PB-and M-pretreated rats. When the high dose was administered at 144 hr after the protective dose, autoprotection further declined to 25% in N rats and to 75% in M-treated rats, but it remained at 100% in PB-treated rats. The liver microsomal cytochromes P-450, aminopyrine demethylase, and aniline hydroxylase were induced in rats after the dietary treatment with PB or M when compared to the rats on N diet. However, after administration of the protective dose of CCl, to these rats, these enzyme activities were decreased in all the groups at 24 hr after the protective dose, persisted at a low level even at the 72-hr time point, and then slowly recovered to normal by 120 hr. Liver injury was evident by serum enzyme elevations and histopathological changes in all the groups at 24 hr after the protective dose, but the injury was progressive in PB-and M-treated rats with maximum injury at 48 hr, injury in PB-treated rats being greater than that in M-treated rats. The livers recovered completely in all the groups by 120 hr as revealed by serum enzymes and liver histology. The levels of microsomal enzymes at various time points after the protective dose in N, PB, and M treatment groups correlate neither with liver toxicity nor with animal survival after the administration of the large dose of CCl,. Therefore, a postponement of the hepatocellular regeneration stimulated by the protective dose of CCl, caused by prior exposure to PB and M, as reported earlier, appears to play a role in the correspondingly postponed maximal expression of CCl, autoprotection. Furthermore, the prolongation ofautoprotection by M and even greater effect by PB appears to be related to the greater stimulation of hepatocellular proliferation and augmented tissue repair processes attributable to the protective dose of CCl, reported previously.
INTRODUCTION
The protective effect of a small dose of CCI,, against a second normally lethal dose of CCI, administered 24 hr later, is well known (8, 1, 12, 34, 5 1, 52). The currently accepted mechanism for this CCl, autoprotection is based on the destruction of the CCI, bioactivating mechanism by the protective dose. This in turn decreases the metabolism of subsequently administered high dose (3, 8, 12, 23, 39, 42,46,47,49) resulting in autoprotection. However, several lines of evidence a possible of a low dose-stimulated hepatocellular regeneration (2, 19, 20) rather than decreased bioactivation (9, 14, 8, 29) as the mechanism Of cc14 autoprotec- anism of CCl, autoprotection involves hepatocellular regeneration induced by the low dose of CCl, (50) . Protection was not due to decreased infliction of liver injury but due to facilitation of recovery from liver injury via stimulated cell division and tissue repair (50) . Subsequent studies indicated that inhibition of cell division by colchicine antimitosis resulted in abolishment of CCl, autoprotection (38) . These findings suggest that a modulation of the timing of hepatocellular regeneration induced by the protective dose should accordingly influence the autoprotection phenomenon. Kodavanti et a1 (2 1) showed that pretreatment ofrats with phenobarbital (PB) and mirex (M) results in delayed early phase of hepatocellular regeneration induced by the protective dose of CCl,. Therefore, in the present study, the effect of this delay in the early-phase stimulation of hepatocellular regeneration caused by PB and M pretreatments on CCl, autoprotection was investigated. In these studies, we also investigated the levels of microsomal cytochromes P-450, aminopyrine demethylase (AD), and aniline hydroxylase (AH) after treatment with protective dose in these PBand M-pretreated rats. These data on biochemical end points were compared to survival data to see any poskible association between bioactivation of the high dose of CCl, and autoprotection. The results indicate that the decrease in microsomal cytochromes P-450 and related enzymes caused by the protective dose in N, PB, and M groups correlates neither with the infliction of liver injury nor with the lethality of the subsequently administered large dose of CCl,. Hence, it may be suggested that a delayed early phase of CC1,-stimulated hepatocellular regeneration caused by PB and M pretreatments, rather than simply altered bioactivation, appears to delay accordingly optimum autoprotection.
METHODS

Animals. Male Sprague-Dawley rats (Harlan
Sprague-Dawley Breeding Laboratories, Houston, TX) initially weighing 125-1 50 g were used for the study. They were maintained in our central animal facilities in environmentally controlled rooms with an alternating 12-hr dark-light cycle, at 21°C and 50% relative humidity, for several days before treatment. They were housed over corn-cob bedding known to be free from any chemical contaminants and were fed normal commercial rat chow (diet #500 1, Ralston Purina Co., St. Louis, MO) and water ad libitum.
Chernicals. Carbon tetrachloride was obtained from J. T. Baker (Phillipsburg, NJ). Corn oil (Mazola brand), used as a vehicle for chemical administrations, was obtained locally. M (98% pure) was purchased from Chem Service (West Chester, PA).
Sodium PB (99%), the diagnostic kits for serum enzyme assays, and all other chemicals were purchased from Sigma Chemical Co. (St. Louis, MO).
Treatment. After the acclimation period, the rats were divided into 3 major groups, as shown in Table  I . Rats were fed normal diet (N; Group I), diet containing PB (225 ppm; Group II), or diet containing M (10 ppm; Group 111) for a period of 15 days. These diets were prepared according to a previously described procedure (5, 6) . On day 16 of the dietary treatment, rats of each group were divided into 2 subgroups: one subgroup was given corn oil vehicle (1 mVkg) and the other subgroup was given a single administration of the protective dose of CCl, (0.3 ml/kg in 0.7 ml corn oil/kg, PO).
Swvival. At 24, 48, 72, 96, 120, or 144 hr after this treatment, rats of all the groups were administered a single high dose of CCl, (5 ml/kg in 5 ml corn oil/kg, PO). All the rats were then fed N and observed twice a day for 14 days to record cumulative mortalities in each group.
Liver Microsomal Enzymes. In another set of experiments, 24, 48, 72, 96, and 120 hr after the low dose of CCl, or corn oil, instead of giving high dose, rats were anesthetized using diethyl ether. The livers were perfused in sitti via the portal vein with cold 0.9% NaCl. Livers were removed, blotted, and weighed. A portion of each liver was taken and homogenized in Tris-KC1 (0.15 M, pH 7.4). The homogenates were centrifuged at 9,000 x g for 20 min in a refrigerated centrifuge. The supernatants obtained were centrifuged at 105,000 x g for 1 hr in an ultracentrifuge to obtain the microsomal pellets. Each microsomal pellet was suspended in Tris-KC1 (0.054.15 M, pH 7.4) buffer and stored at -80°C under an atmosphere of N, until protein and cytochromes P-450 determination. Protein was estimated by the method of Lowry et a1 (25) . Cytochromes P-450 was determined according to the method of Dallner (7). AD was determined according to the method of Nash (3 1). AH was determined according to the method of Imai et a1 (1 6) .
Sertini Enzymes. The blood was also collected from rats of each group at 24, 48, 72, 96, and 120 hr after the protective dose of CCl, or corn oil administration and serum was separated. Alanine transaminase (ALT) and aspartate transaminase (AST) were determined by the method of Reitman and Frankel (4 1). Sorbital dehydrogenase (SDH) was determined as described by Wiesner et a1 153).
Statistics. The values in figures represent the mean and standard error of a minimum of 4 rats. Comparisons among values were made using analysis of variance followed by the Bonferroni I procedure (43). The accepted level of significance was established at the statistical criterion of p I 0.05.
RESULTS
Sit rvival
The percentage of survival in CCl, autoprotection group of rats fed N, PB, or M as compared to the group that did not receive the protective dose of CCl, is shown in Fig. 1 . The percentage of survival of rats receiving the high dose of CCl, administered 24,48, 72, 96, or 144 hr after administration of the protective dose or vehicle is presented. Only 0-1 5% of the N-, PB-, or M-fed rats not receiving the protective dose of CCl, survived when the high dose of CCl, was administered 24 hr after the administration of the corn oil vehicle. When the high dose of CCl, (5 ml/kg, PO) was administered 24 hr after treatment with the protective dose, autoprotection observed was 100% in N-fed rats and only 55% in PB-or M-fed rats. However, for the 48-hr time point, the autoprotection for N-fed rats was decreased to 50%, whereas that for PB-and M-fed rats it was increased to 90%. This pattern persisted even for 72-and 96-hr time points. Survival declined to only 25% in N-fed rats receiving the protective dose 144 hr previously. In M-treated rats autoprotection declined slightly to 75% for this time point. However, in PB-treated rats receiving the same protective dose 144 hr previously, autoprotection was persistent at 90%.
Liver Microsorrial Enzymes
Liver microsomal cytochromes P-450 content, AD, and AH activities at various time points after treatment with the protective dose of CCl, to N-, PB-, or M-fed rats are illustrated in Fig. 2 . As expected, the dietary pretreatments with PB and M resulted in significantly increased activity of these enzymes as compared to rats maintained on N. However, at 24 hr after the protective dose, activity of all the enzymes greatly decreased irrespective of the dietary pretreatments. At 48, 72, 96, and 120 hr after the protective dose, the enzyme activities in almost all the pretreatment groups were found to be gradually recovering toward the normal control values. The activities of all these enzymes at various time points after protective dose were significantly different in PB-and M-pretreated groups as compared to the respective N groups. The pattern of initial decrease and later recovery after protective dose was similar in all the dietary pretreatment groups.
Sericni Enzymes
Serum AST, ALT, and SDH activities at various time points after the protective dose of CCl, in N-, PB-, or M-fed rats are presented in Fig. 3 . The dietary pretreatments with PB or M did not alter the activity of these enzymes as compared to that seen with N dietary pretreatment indicating lack of any liver injury. As expected, the low dose of CCl, (protective dose) caused a marginal elevation of serum enzymes in N rats, indicating only a mild liver injury. Moreover, this increase in the serum enzymes was only transient because by 72 hr there was recovery to normal levels. However, at 24 hr after the protective dose of CCl,, activity of these enzymes significantly increased in the pretreated groups, with a maximum in the PB-treated group, followed by the M-pretreated group, as compared to that seen in the N-pretreated group. At 48 hr after the protective dose, the activity further increased, showing a similar trend. At later time points, the activity of all the enzymes returned to normal control values, indicating recovery. These findings indicate that despite a lack of significant difference in cytochromes P-450 and related enzyme activities among the 3 groups after the protective dose, there was a significantly different level of liver injury. TOXICOLOGIC PATHOLOGY 
Liver Histopathology
The histopathological changes in liver under the light microscope at 48 hr after various treatments are shown in Fig. 4 . The liver sections from rats receiving corn oil vehicle after the dietary pretreatments with PB, M, or N did not show any apparent histological changes. Twenty-four hr after treatment with the protective dose of CCI.,, liver injury, as revealed by the presence of necrosis and number of swollen (ballooned) cells, was observed in N-, PB-, or M-pretreated groups (data not shown). The injury was much more marked in PB-fed rats as compared to N-fed rats. M-treated rats showed greater liver injury than N-treated rats, but the injury was discernably less than that observed in PB-treated rats. At 48 hr, the injury was more pronounced as seen by increased necrosis and vacuolation, which were higher in PB-and M-fed rats as compared to N-fed rats. At later time points, these changes regressed, showing recovery from liver injury. The presence of mild fibrosis was seen at these later time points in both PBand M-fed rats but not in N-fed rats. It was predominantly periacinar and centrilobular in distribution and was most suggestive of postnecrotic scarring, a chronic reparative response after toxic injury and loss of hepatocytes.
DISCUSSION
A small dose of CCI, is known to protect against the lethal effects of a subsequently administered large dose of CCl, (8, 11; 12,23, 34, 52) . Several lines of evidence have accumulated (8, 12,23, 52) to establish involvement of destruction ofliver microsomal cytochromes P-450 by the initial protective dose of CCl, in autoprotection. Reports (32, 40, 44, 45) demonstrating the destruction of a specific form of cytochromes P-450 provide additional support for -CCl, free-radical-mediated destruction of cytochromes P-450. Recent evidence indicated, however, that the destruction of cytochromes P-450 by the autoprotective dose may not result in any diminishment in the bioactivation and injury inflicted by the subsequently administered large dose of CCl, (50) . These and additional recent findings indicating that colchicine antimitosis (36, 39) abolishes autoprotection (38) reveal that bioactivation of CCI, resulting in initiation of liver injury and accompanying stimulation of tissue repair are mutually related contributors to ultiniate expression of toxicity.
It is well established that hepatocellular regeneration is induced biphasically at 6 hr and at 36-48 hr after administration of the protective dose ofCC1, (22, 24, 27, 28, 33, 48) . This protective dose stimulates the resting hepatocytes (Go) to enter S-phase of cell cycle within 2 hr (19, 20, 24) . Kodavanti et a1 (21) studied the stimulation of S-phase synthesis and mitogenic response of the hepatocytes in rats maintained on control, PB (225 ppm), or M (10 ppm) diet by the same dose of CCl, employed in this study as the protective dose. Simultaneously, hepatocytes arrested in G2 are released, giving rise to the 6-hr burst of cell division. These early events might enable the liver to overcome the limited injury associated with that dose of CCl, (19, 20, 24) and, further, these events might provide protection against toxic injury from a large dose as seen in autoprotection. These protective effects might occur due to 2 main reasons. First, the prestimulation of cell division increases the number of newly divided cells to replace dead and injured cells. Second, the newly divided cells are resistant to toxicity of subsequently administered toxic dose of CCI,. Indeed, recent work (37, 50) has shown that in CCl, autoprotection the ability of rat to overcome the lethal effects of a large toxic dose is mainly due to the remarkable protection afforded by the early induction of hepatocellular regeneration caused by the protective dose of CCl,. These findings suggest that the hepatocellular regeneration, stimulated by the protective dose as a biological response to overcome the accompanying limited injury, may augment and sustain tissue repair processes to permit tissue restoration even after the massive liver injury is inflicted by the subsequent large dose of CCl,. Therefore, a postponement of the protective dose-induced hepatocellular regeneration as reported by Kodavanti et a1 (21) might influence the CCl, autoprotection phenomenon by a correspondingly postponed maximal autoprotection. In their study, dietary pretreatment of rats with PB (225 ppm) or M (10 ppm) caused a postponement ofCC1,-induced early-phase (6 hr) stimulation of hepatocellular regeneration until 24 hr. Although the hepatocellular regeneration was delayed from 6 to 24 hr, it was in fact enhanced, apparently tempered by the demand for more extensive restoration of hepatocellular architecture as a consequence of greater injury (21, 27, 35) . Hence, the overall effect of PB-induced potentiation of injury caused by the protective dose of CCl, was merely to delay the stepped up hepatocellular regeneration, tissue repair, and restoration ofhepatolobular architecture. The present study was designed to investigate the effect of prior dietary exposure to PB and M on the CCl, autoprotection phenomenon. If hepatocellular regeneration and tissue repair stimulated by the protective dose is the mechanism underlying autoprotection (38, 50) , then prior exposure to PB and M would be expected to result in a postponement of maximal autoprotection by approximately 24 hr, in comparison to rats maintained on N.
In the present study, using the same dietary protocol for PB and M (21), we observed that postponement of low dose-stimulated hepatocellular regeneration resulted in correspondingly delayed CCl, autoprotection. In PB-and M-fed rats, only 50% autoprotection was observed as against 100% protection seen in N-fed rats when the high dose was administered 24 hr after the protective dose. In N-fed rats, the protective dose-stimulated hepatocellular regeneration subsides at later time points (50) and hence the autoprotection decreased to 50% and to 25% when the high dose was given at 48 or 144 hr, respectively, after the protective dose. In contrast to this, as expected, in PB-and M-fed rats the autoprotection was increased from 50% (24-hr time point) to about 90% for a 48-hr time point and remained so for 72-and 96-hr time points. However, for the 144-hr time point, the autoprotection in M-and PB-treated rats was still persistent, decreasingonly slightly (to 75"/0> in M-treated rats. The persistence of autoprotection in M-and PB-treated rats presumably might be a reflection of increased response of hepatocellular regeneration after greater initial injury from the protective dose. These results clearly indicated that postponement of protective dose-induced hepatocellular regeneration results in a correspondingly postponed optimum autoprotection and suggest the association of autoprotection with protective dose-stimulated cell regeneration.
The protective dose of CCI, is also known to cause destruction of liver microsomal cytochromes P-450 enzyme system required for the metabolism of subsequently administered toxic dose of CCl, (32, 40, 44, 45) . The destruction of cytochromes P-450 by the protective dose has been widely accepted as the mechanism of CCl, autoprotection. Therefore, we also measured total cytochromes P-450 and associated microsomal enzymes at various time points after the protective dose in the N-, PB-, and M-fed rats to examine the relationship of autoprotection with levels of cytochromes P-450 and associated enzymes. As shown in Fig. 2 , dietary pretreatments with PB and M alone increased the enzyme activities, as expected. At 24 hr after the protective dose of CCl,, the enzyme activities decreased almost to the same degree in all the pretreated rats. However, the degree of autoprotection in terms of survival was not the same in the 3 dietary treatment groups for this time point. The N-fed rats showed 100% autoprotection, whereas PB-and M-fed rats showed only 50% autoprotection. Similarly, for 48-and 72hr time points, although M and N diet fed rats showed the same level of cytochromes P-450, the autoprotection was considerably higher in M-fed rats (80%) as against 50% in N-fed rats. Again, for the 96-hr time point, enzyme data for the N, PB, and M dietary pretreatments are not significantly different from each other, but the percentage of survival was 90 and 100% for PB and M rats, respectively, as against only 40% in N-fed rats. Therefore, the results ofcytochromes P-450 and associated enzyme activities did not show any clear positive correlation with survival data in PB-and M-fed rats when compared with N-fed rats at various time points after the protective dose.
The serum enzyme levels and light microscopic examination of livers of rats after autoprotective CCl, treatment revealed an increase in liver injury in PB-and M-fed rats as compared to N-fed rats at all time points. The principal mechanisms for this potentiation of CCl, hepatotoxicity by microsomal inducers such as PB and M (10,44) and many others SCCl, (13, 15, 26) are enhanced metabolic activation of CCl, (4, 49) to generate more SCCl, free radicals leading to increased lipid peroxidation and liver injury. In the present study, also cytochromes P-450 and associated enzymes were significantly elevated by both PB and My as reported earlier (5, 17) using the same dietary protocol. This resulted in increased bioactivation of protective CCl,, which is consistent with increased initial liver injury as indicated by the elevated serum enzymes and substantially greater liver histopathology (1 , 18, 27-29) . The hepatotoxicity caused by the protective dose initiates the events for tissue repair needed for the recovery of injured liver and to restore normal liver. Several studies (2, 19, 20, 24, 27) have recently shown that in case of N-fed rats stimulation of hepatocellular regeneration and tissue repair occurs simultaneously with the limited liver injury induced by a low dose of CCl,, at an early stage resulting in restoration of normal liver. In the case of PB-and M-fed rats, as expected, significantly more liver injury occurred after the protective dose of CCl,, which presumably interferes with the early stage of tissue repair by hepatocellular regeneration (2 1). However, at later time points after the protective dose, hepatocellular regeneration in these PB-and M-fed rats was significantly greater as compared to N-fed rats resulting in delayed, but complete, recovery of injured liver. The survival data of the present study are consistent with this pattern of hepatocellular regeneration observed after protective dose of CCl, in N-, PB-, and M-fed rats.
The present study provides additional evidence in favor of the protective role of hepatocellular regeneration in CCl, autoprotection. These findings underscore the significance of stimulated hepatocellular regeneration in overcoming considerably greater initial injury caused either by prior exposure to PB or M or by a large dose of CCl,. These findings suggest that it is the regenerating and tissue repair event, a hormetic response, which determines the final outcome of the initial injurious event in CCl, autoprotection rather than the injurious event itself.
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